Introduction
Global energy consumption is projected to increase by 56% by the year 2040 as a result of various factors such as rapid urbanization and population growth. In response to this growing energy demand, several alternative energy technologies have been proposed, among which fuel cell (FC) technology has attracted considerable attention (Ramaswamy et al., 2014 . The utilisation of liquid fuels such as ethanol and methanol in FCs would reduce the requirements of establishing totally new infrastructure as required for hydrogen as a fuel source (Zakaria et al., 2016) . Furthermore, both methanol and ethanol are considered renewable fuels (biofuels) when generated from biomass resources. It is worth quoting that currently bioethanol dominates the global biofuel production capacity and can be produced in bulk from biomass feedstocks via a fermentation process (Badwal et al., 2015; Zakaria et al., 2016) .
FCs diminish power loses by avoiding the intermediate steps required in similar diesel-powered generators (Mishra et al., 2012) . FCs are commonly named and classified based on the nature of the electrolyte used in the cell as follows: proton exchange membrane fuel cell (PEMFC), direct methanol fuel cell (DMFC), phosphoric acid fuel cell (PAFC), molten carbonate fuel cell (MCFC), solid oxide fuel cell (SOFC), alkaline fuel cell (AFC), microbial fuel cell (MFC), and enzymatic fuel cell (EFC), and in general, two main classes can be defined: i) low temperature FCs operating at temperatures lower than 250 ºC (such as proton exchange membrane fuel cells (PEMCs)) and ii) high temperature FCs operating at temperatures ranging from 600 ºC up to 1100 ºC (such as solid oxide fuel cells (SOFCs)) (Laberty-Robert et al., 2011). Figure 1a , a PEMFC is composed of the anode and cathode flow field plates, gas diffusion layers (GDLs), catalyst layers (CLs), and proton exchange membrane (PEM) (Wang et al., 2011; Ye and Zhan, 2013) . A single FC is only able to produce a certain voltage and current. In order to obtain a higher voltage and current or power, FCs are connected in either series or parallel, called stacks (Wang et al., 2011) , as shown in Figure 1b . The important properties of PEM as central component in hydrogen and methanol FC systems include high proton conductivity, low electronic conductivity, high mechanical and thermal stability, good oxidative and hydrolytic stability, low fuel and oxidant permeability, low cost, good dimensional, and morphological stability (Kraytsberg and Ein-Eli, 2014) . Nafion ® as the most common and commercially available PEM for PEMFC, DMFC, and BFC possess wonderful properties, such as high proton conductivity and good chemical, mechanical, and thermal stability. Despite their favourable features, these membranes have several disadvantages, i.e., high cost, fuel permeability, and diminished performance accompanying with dehydration at temperatures above 80 ºC (Hickner et al., 2004) . In recent years, many studies have been focused on developing proton conducting membranes for operation at higher temperatures under lower humidification conditions to overcome the above-mentioned drawbacks aiming at generating higher FC performance compared with perfluorinated ionomers (Jalani et Ahmad et al., 2010) , and 2) preparation of composite membranes through the application of inorganic micro-/nanoparticle (Di et al., 2015) . The use of organic-inorganic composite membranes by incorporating inorganic fillers, in the ionomer matrix can significantly affect the properties of the matrix. The composite membranes exhibit suppressed fuel crossover, improved thermal, mechanical, dimensional, and oxidative stability. The properties of polymer composites depend on the type of nanoparticles that are incorporated, their size and shape, as well as their concentration and their interactions with the polymer matrix. Dispersion of inorganic nanoparticles in a polymer matrix usually leads to nanoparticles agglomerate due to their specific surface area and volume effects while it can also result in a reduction in proton conductivity due to decreased number of sulfonate groups per unit volume. 
Scope of the review
Various inorganic fillers have been used in many polymer membranes developed for PEMFC. The objective of this review is to highlight these fillers and their impacts on proton conductivity, methanol permeability, water uptake, mechanical and thermal properties and cell performance of the resulting nanocomposite membranes.
Category of the materials used in PEMs
Generally, the materials used in synthesizing the polymer electrolyte membranes, also known as PEMs, can be categorized into five different groups: perfluorinated ionomers, partially-fluorinated polymers, nonfluorinated hydrocarbons, non-fluorinated membranes with aromatic backbones, and acid-base complexes ( Table 2) . Several reviews are available describing the materials used in the synthesis of the polymer electrolyte membranes ( 
Fabrication methods of nanocomposite membranes
Among a variety of approaches applied to incorporate inorganic fillers into an ionomer matrix, blending, infiltration (also called ″in situ method″), and sol-gel approach (Tripathi and Shahi, 2011; , have received a great deal of attention owing to their wide availability which are described in the following sections.
Blending method
The simplest method for the fabrication of polymer/inorganic nanocomposites is direct mixing of the nanoparticles into the polymer matrix. The mixing can be done by melt blending or solution blending. Filler agglomeration is the main difficulty faced in the blending method which can be overcome by the modification of the surface of the inorganic particles (Fig.  2a) .
Sol-gel method
The sol-gel method is a low temperature synthesis method and has been extensively used to synthesize organic-inorganic nanocomposites since the 1980s (Fig. 2b) . This process is generally done by hydrolysis and condensation reactions of metal alkoxides, M (OR)n (M = Si, Ti, Zr, VO, Zn, Al, Sn, Ce, Mo, W, etc. and R = Me, Et, . . .) inside a polymer dissolved in non-aqueous or aqueous solutions. These reactions are as follows (Eqs. Silicon alkoxides are not very sensitive to hydrolysis and gelation may take place within several days when pure water is added. Therefore, hydrolysis and condensation proceed without catalysts for non-silicate metal alkoxides, whereas acid or base catalysts are required for silicon alkoxides (Livage, 2004) . Four factors affect the kinetics reactions and consequently the final structure and properties of the product, including: the molar ratio of water/silane, the tape catalyst, temperature, and the solvent nature which were briefly described previously by Bounor-Legaré and Cassagnau (2014).
Infiltration method
In-situ or infiltration methods have also been used to prepare organicinorganic nanocomposites, in which the precursors of inorganic fillers infiltrate into a swollen or hydrogel-like polymer matrix (to increase the pore or void volume before infiltration), and then the nanocomposite membranes are obtained through filler growth, removing the impurities, and polymer curing. Meanwhile, the isolation effect caused by the polymer network can hinder the undesirable agglomeration of nanoparticles and simultaneously lead to controled particles size and uniform distribution (Fig. 2c) .
Proton conduction in PEMs
The high proton conductivity of Nafion ® at low temperatures and its lower conductivity at high temperatures have prompted many researchers to investigate its proton conduction mechanism (Mishra et al., 2012) . Proton conductivity is a major parameter to evaluate the membrane performance. It has been reported that proton conductivity depends on the degree of sulfonation, pre-treatment of the membrane, water uptake, as well as ambient relative humidity (RH) and temperature (Jaafar et al., 2009 ). Proton conduction through membranes follows two types of mechanisms: Vehicle mechanism and Grotthuss mechanism. In the Grotthuss mechanism, the protons jump from one ionic site (H3O + .SO3 -) to another while in the vehicle mechanism, protons attach to free water molecules and diffuse. Proton conduction is accompanied with activation energies; i.e., 0.1 <Eact< 0.4 eV by the Grotthuss mechanism and Eact > 0.5 eV by vehicle mechanism (Ren et al., 2013) . A schematic representation of the two mechanisms is shown in Figure 3 . 
Measurement methods of the PEMs properties

Pre-treatment of PEMs
In order to measure the PEMs properties, they should be in H-form and free from impurities. Therefore, PEMs are activated by chemical treatments prior to analyses. Commonly, membranes are first soaked into a H2O2 solution, followed by treatment with a mixture of water and H2SO4 under continuous stirring. The membranes are then washed with deionized water (DI) water (Neelakandan et al., 2014; Dutta et al., 2015) . However, Nair's group suggested that the introduction of harsh conditions such as H2O2 and acid treatment may destroy or disrupt the structure of the layered inorganic materials in the polymer matrix (Hudiono et al., 2009).
Membrane proton conductivity measurement
The proton conductivity of membranes is calculated by the electrochemical impedance spectroscopy (EIS) and can be measured in two directions; i.e., in-plane or through-plane (Tang et al., 2012) , by either four-probe or two-probe method. Conductivity (σ) is calculated using the following equation (Eq. 3):
For the in-plane test, L is the distance between the two electrodes and A is the cross-sectional area of the membrane; for the through-plane test, L is the thickness of the membrane and A is the overlap area of the two electrodes. R is the impedance of the membrane in Nyquist plot, which is determined from the intercept of the impedance curve with the real axis for through-plane test (Silva et al., 2004; Luan et al., 2008) and from the frequency at the minimum imaginary response for the in-plane experiment ).
Methanol permeability measurement
Methanol permeability is the product of the diffusion coefficient and the sorption coefficient in which the diffusion coefficient reflects the effect of a surrounding environment on the molecular motion of the permeate and the sorption coefficient correlates with the concentration of a component in the fluid phase (Marx et proton conducting membrane with low methanol permeability is required for DMFC. Because methanol transport through the membranes causes loss of fuel, reduced fuel efficiency, reduced cathode voltage and cell performance, and excess thermal load in the cell which can be controlled by factors such as the hydrophilic channel size, water uptake, membrane compaction, and other operating conditions (Won et al., 2003; Li and Yang, 2009 ). Methanol permeability is determined by a side-by-side cell, one side is filled with a methanol solution in DI water (side A) while pure water is placed in the other side (side B). The solutions in both compartments are continuously stirred with a magnetic stirrer during the experiment to ensure homogeneity (see Fig.  4 ). Several spectroscopic techniques have been used to measure methanol concentration in the water compartment. For example Chang's and Javanbakht' groups recorded methanol concentration in the side B using a density meter (Chien et al., 2013; . Recently, the crossover methanol (from side A to side B) has been examined by UV-vis spectroscopic technique using sodium nitroprusside (SNP) as chromogenic reagent. In fact, SNP is a mixture of sodium nitroprusside, potassium ferrocyanide, NaOH, and water in a certain proportion (Das et al., 2014; Dutta et al., 2015) . The concentration of the methanol in side B can also be measured by gas chromatography (GC) method (Shahi, 2007; Hasanabadi et al., 2011) . Methanol permeability using GC is determined as follows (Eq. 
Water uptake measurement
The water uptake of the membranes is defined as mass ratio of the absorbed water to that of the dry membrane (Xi et al., 2007) . Before measurements, membrane samples are dried at 80 ºC for 12 h, weighed, and are then soaked in DI water at room temperature for 24 h. The samples whose surface water is fully hydrated are blotted by tissue papers and weighted immediately. The water uptake of the membranes is calculated using Equation 5:
where, Mwet and Mdry are the weights of the wet and dry membranes, respectively. A high water content in a membrane generally guarantees excellent proton conductivity. However, high water uptake can cause undesired side effects such as low mechanical strength, poor hydrolytic stability, low dimensional stability, and high methanol permeability, especially in DMFC applications . The membrane swelling (SW) is determined according to following equation (Eq. 6):
Eq. 6
where Lwet and Ldry are the thicknesses of the wet and dry membranes, respectively. The membrane water content parameter (λ) is the ratio of the mole number of water molecules to the sulfonate groups, and is calculated using the following equation (Eq. 7):
Eq. 7
where WU, IEC, and Mwater are the water uptake, ion exchange capacity, and molecular weight of water (18 g mol -1 ), respectively.
Ion exchange capacity measurement
The ion exchange capacity (IEC) indicates the number of milliequivalents of ions in 1 g of the dry polymer (Smitha et al., 2003) . IEC of membranes is measured with the back-titration method. Membranes in acid form are immersed in a sodium chloride (NaCl) solution for about 24 h to replace H + ions‫‬ with Na + ions‫‬ . Then, the released H + ‫‬ is titrated with sodium hydroxide (NaOH) using phenolphthalein as indicator. The IEC value is calculated by using Equation 8:
where VNaOH is the NaOH solution volume used to neutralize (ml) the H + , CNaOH is the concentration of NaOH (mol L -1 ) and Wdry is the mass of the dry membrane (g).
Durability/stability
Oxidative stability
The H2O2 generation at the cathode (due to the electrochemical twoelectron reduction of oxygen) and at the anode (due to the chemical combination of crossover oxygen and hydrogen) and its decomposition to intermediate products, such as HO
• and HO2
• , could cause membrane chemical/electrochemical degradation (Bose et al., 2011) . The oxidative stability of membranes is investigated by immersing of a membrane sample in Fenton's reagent (3 wt. % H2O2 + ‫‬ ‫2‬ ppm FeSO4) in a shaking bath at 80 ºC. The oxidative stability is evaluated in terms of the weight loss of the membranes when they start to break into pieces (due to the attack of radical species; HO
• and HOO • ) for an elapsed time (Amirinejad et al., 2011).
Thermal stability
Thermal decomposition of membranes is investigated by using thermogravimetric analyzer (TGA). The decomposition profiles of membranes measured by TGA depend on many factors, including heating rate, gas (nitrogen or oxygen) flow rate, and sample preparation technique (Mishra et al., 2012) . There are generally three stages in the decomposition process of membranes: (1) the release of free and bound water molecules; (2) the decomposition of functional groups; and (3) the separation of core series of the membrane (Zakaria et al., 2016) . Meanwhile, thermal transition behaviour (glass transition) of PEMs is obtained by differential scanning calorimetry (DSC) study (Tripathi and Shahi, 2011 ).
Mechanical stability
In view of the potential practical applications in lithium batteries, fuel cells, electrochromic windows, and other electrochemical devices, it is essential for polymer electrolyte membranes to retain good mechanical strength (Wang and Kim, 2007) . The membrane must have good mechanical resistance to stretching and shear in hydrated and dry states (Laberty-Robert et al., 2011). Dynamical mechanical analysis (DMA) technique has been used to determine mechanical stability of membranes. Briefly, samples are submitted to a periodic mechanical strain or stress, while the temperature is changed with a constant rate. The storage modulus E' (elastic) and loss modulus E'' (viscous) of polymers are measured as a function of temperature. The E''/E' ratio, also named tan δ, is related to mechanical damping (Sgreccia et al., 2010).
Hybrid organic-inorganic membranes (nanocomposite membranes)
Inorganic-organic composite membranes can be classified into two main categories: 1) membranes composed of proton conductive polymers and lessproton conductive inorganic particles and 2) membranes composed of proton conductive particles and less-proton conductive organic polymers . Incorporation of inorganic nanoparticles into a polymer matrix strongly influence the original characteristic of the polymers, due to the interface interaction with the polymer matrix. The inclusion of inorganic fillers improves the mechanical properties and the membrane water management, while also suppresses fuel crossover by increasing the transport pathway tortuousness . The preparation method of composite membranes containing inorganic and inorgano-organic protonconducting particles is very important as it will influence the microstructure of the membrane. The intrinsic characteristics of the particles such as size or the specific surface area, type, surface acidity, shape, and their interactions with the polymer matrix are particularly important and can induce large variations in membrane performance (Laberty-Robert et al., 2011). However, enrichment of the available fillers, especially nano-sized fillers, has been one of the most investigated subjects . The fillers can be classified into two types, 1) solid nonporous filler, such as SiO2, and TiO2 nanoparticles, and 2) solid porous filler, such as Zeolites, porous metal oxides, metalorganic frameworks (MOFs), and carbon nanotubes (CNT). Countless organic-inorganic hybrid nanocomposite membranes have been reported in the literature by using inorganic material such as: silicates, titanium dioxide, zirconium dioxide, iron oxide, yttrium oxide, zirconium phosphate, heteropolyacids, and CNT. The nanocomposite membranes based on different fillers will be described in the following sections.
Nanocomposite PEMs with graphene oxide
Graphene oxide (GO) is an amphiphilic material with a two-dimensional laminated structure and contains epoxy and hydroxyl groups on the basal plane, and carboxylic acid groups along the sheet edge. The presence of these oxygen-containing functional groups facilitate the hydration of GO and helps to hold more water and improve the proton conductivity. Owing to this feature and also large surface area, as well as intrinsic mechanical (due to large Young's modulus) and chemical stability and fuel crossover barrier, GO is one of the best nanofillers to be used in PEMFCs (Chien et -7 cm 2 s -1 with the addition of 5 wt.% SGO/Fe3O4 nanosheets due to the fuel barrier properties of graphene-based nanosheets. Moreover, the proton conductivity (0.084 S cm -1 at 25 ºC) of the nanocomposite membranes increased due to the interactions between the sulfonic acid groups of SGO, and the surface hydroxyl groups of Fe3O4 nanoparticles with free water molecules by Grotthus and Vehicle mechanism, respectively.
In a study, Kumar et al. (2014) synthesized an SGO/SPEEK composite membrane, and the effects of SGO on the properties of SPEEK such as proton conductivity and fuel cell performance were studied. The composite membranes developed exhibited a very good conductivity (0.055 S cm -1 at 80 ºC and 30% RH) and reasonable PEMFC performance (378 mW cm -2 at 80 ºC and 30% RH), which were higher than that of recast SPEEK.
Among the extensive efforts devoted to the development of PEM with adequate conductivity operating under elevated temperatures and anhydrous (low humidity) conditions, acid-base composites have attracted a great deal of attention owing to their unique transport manner. Within these composites, proton donor (acid group) and acceptor (base group) are closely linked, and protons can transport between donor and acceptor via the Grotthuss mechanism without water.
An acid-base-paired nanocomposite membranes was fabricated by He et al. (2014) , using polydopamine-modified GO into SPEEK matrix. Nanocomposite membrane with 10 wt.% of fillers displayed an anhydrous proton conductivity of 0.498 mS cm -1 in comparison with SPEEK control membrane (0.387 mS cm -1 ). This study showed a 47% increase in maximum current density (698.6 mA cm -2 ) coupled with a 38% increase in maximum power density (192.1 mW cm -2 ) with 5 wt.% fillers. Zarrin et al. (2011) also investigated the effects of functionalized GO with 3-mercaptopropyltrimethoxysilane (MPTMS) and subsequent oxidation of the thiol groups to sulfonic acid groups, as inorganic fillers in a Nafion ® composite membrane for high temperature PEMFCs. Proton conductivity and single cell test results exhibited significant improvements for functionalized GO/Nafion ® membranes (4 times) over recast Nafion ® at 120 ºC with 25% humidity. In a recent study, He et al. (2016) fabricated Nafion ® /GO composite membranes via spin-coating method using 1,4-phenylenediamine-2-sulfonic acid (PDASA) as crosslinker (see Figure 5) . The authors claimed that methanol permeability decreased by 93% while retaining the high proton conductivity of Nafion ® , due to the synergistic optimization of methanoltransport and proton-transport channels within the GO film.
The layer-by-layer (LBL) self-assembly is a simple and remarkably adaptable method introduced by Decher (1997) and Decher et al. (1998) , and has been applied to deposit a thin multilayer film on a substrate by electrostatic association between alternately deposited, oppositely charged components. LBL technology has been used successfully in the area of both PEMs and DMFC electrodes and electrolytes (Kim et Recently, Nafion ® /GO composite membranes was fabricated via the LBL procedure using 1,4-phenyldiamine hydrochloride (PDHC) as crosslinker and was used as a PEM for DMFC . The composite membranes exhibited higher selectivity and lower methanol permeability than Nafion ® 117. Yuan et al. (2014) also demonstrated that the GO multilayer films on the Nafion ® membranes not only reduced methanol crossover by 67% but also enhanced membrane strength. In their work, poly (diallyldimethylammoniumchloride) (PDDA) was used as cross-linker.
Nanocomposite PEMs with heteropolyacids
Polyoxometalates (POMs) are Br -size metaloxygen clusters which have received much attention in recent years owing to their thermal stability and intrinsic proton conductivity (0.18 S cm −1 in the hydrated crystalline form (phosphotungstic acid; PTA·29 H2O)) (Malers et al., 2007) . POMs incorporation in the polymer matrix enhance the proton conductivity and the FC performance due to hygroscopic properties and strong acid strength of POMs cluster compounds by providing a preferential pathway for proton hopping and sustaining a large number of water molecules in their hydration sphere. However, the major obstacle faced in the utilization of POMs in PEMs is their high solubility in water and the low surface area of PTA ((5-8) m 2 g −1 ) which limits the accessibility to acid sites (Kourasi et al., 2014) . In order to increase the stability and the surface area, two approaches have been suggested. The first involves fixation of the POMs on support oxides such as SiO2, Al2O3, ZrO2, and TiO2 (Saccà et al., 2008 (Ramani et al., 2005b ). This second approach was investigated by Amirinejad et al. (2012) . They dispersed Cs2.5H0.5PW12O40 (CsPW) and H3PW12O40/SiO2 (PWS) throughout the sulfonated fluorinated bi-phenol (ESF-BP) copolymer separately and the performances of the fabricated membranes were investigated. Both POMs used provided additional surface functional sites throughout the composite membranes and facilitated proton transport. However, the conductivity and consequently the performance of the ESF-BP/7PWS membrane was reportedly higher than that of the ESF-BP/7CsPW membrane due to the higher number of acid sites and surface area.
Kim et al. (2015b) also studied polymer electrolyte FCs operating at elevated temperatures and low RH by utilizing a polyoxometalate modified GO-Nafion ® membrane. The Nafion ® /PW-mGO membrane exhibited a proton conductivity and a maximum power density of 10.4 mS cm -1 and 841 mW cm -2 at 20% RH at 80 ºC, respectively. In a similar attempt, water uptake, proton conductivity, and FC performance of Nafion by the LBL self-assembly of polycation chitosan (CTS) and negativelycharged inorganic particle PTA reduced methanol permeability by 2 orders of magnitude compared with Nafion ® 117 while maintaining a high proton conductance. Figure 6 illustrates the fabrication of the (CTS/PTA)n multilayer films.
Nanocomposite PEMs with NCTs
Among inorganic fillers, CNTs, which are cylindrical graphene tubes with a nano-sized diameter consist of single or several graphene layers, have attracted considerable attention owing to their high aspect ratios of 100-1000, high specific surface areas, low densities, and remarkable mechanical properties. Because of these unique properties, recently, CNTs have been widely investigated as candidate PEM materials. Furthermore, the properties and performances of nanotubes can be significantly intensified through coordination effects by modification with different functionalized groups such as carboxylic acid-functionalized CNTs . The embedded SHNTs not only interconnected the ionic channels in SPEEK matrix and donated more continuous ionic networks which could serve as proton pathways allowing efficient proton transfer with low resistance, but also increased the thermal and mechanical stabilities of the resultant nanocomposite membranes by interfering with SPEEK chain motion and packing. 
Nanocomposite PEMs with SiO2
Silicate-based nanoparticles have been extensively studied because of their lower cost, inferior electrical conductivity, and better water retention properties compared with those of the other nanoparticles. By modifying the silicate surface using different modifiers phase inconsistency between organic polymer membranes and inorganic silicate could be avoided. In general, silica is synthesized through the hydrolysis and polycondensation of alkoxy silanes in an acidic or basic medium, using different precursors such as alkoxy silanes (like tetraethyl orthosilicate (TEOS)), sodium metasilicate, and fumed silica (Mishra et al., 2012) . The hydrophilic nature of silicates helps in developing the proton conductivity of nanocomposite membranes. Moreover, addition of sulfonated and phosphonated silicates along with a high degree of dispersion of the nanomaterials in the polymer matrix can notably upgrade the conductivity of the nanocomposites.
Yoon et al. (2009) compared the performance of sulfonated poly(arylene ether sulfone (SPAES)/SiO2 membranes prepared by wettype milling method and sonication method. Comparatively, wet-type milling method remarkably improved the dispersion of SiO2 in the SPAES matrix, due to the intensive impact of collisions between milling beads and nanoparticles. This enhancement in nanoparticle dispersion improved proton conductivity as well as methanol permeability and selectivity in the composite membranes.
The incorporation of SiO2 nanoparticles in sulfonated polyimide containing triazole groups (SPI-8) remarkably improved the FC performances during low humidity operation at 53% RH and 80 o C (Sakamoto et al., 2014) . Influence of the size and shape of silica nanoparticles on the properties and degradation of PBI-based membranes was investigated by Ossiander et al. (2014) . PBI-based membranes with 40%, 80%, and 120% of the inorganic silica precursor TEOS were fabricated using in situ sol-gel reaction using (3-glycidoxypropyl)-methyldiethoxysilane (GPTMS) as crosslinker. The results obtained showed higher performance and mechanical stability in the composite membranes with 40% TEOS content.
Sulfonated GO-silica (S-GO-SiO2)/Nafion ® PEMs with enhanced transport properties were prepared via solution casting by Feng et al. (2014) . The composite membranes showed an obvious reduction in methanol permeability (due to the increased tortuosity of the transport channels in the membrane matrix) as well as higher proton conductivity, and 2-fold increased selectivity (the ratio of proton conductivity to methanol permeability) compared with the recast Nafion ® membrane. Farrukh et al. (2015) modified surface silica nanoparticles with poly(monomethoxy oligoethylene glycol methacrylate), poly(MeOEGMA), and employed them as conductivity enhancing additives for the fabrication of Nafion ® nanocomposite membranes. The modified membranes containing 1% additives showed ~11 times higher proton conductivity at 20% RH and 25 °C, whereas at the same temperature and 80% RH, the proton conductivity of the nanocomposite membrane was ~4 times higher than that of the Nafion ® .
Nanocomposite PEMs with TiO2
TiO2 is a hygroscopic metal oxide which improves the cell performance, in terms of higher operating temperature, easier water management, and thermo mechanical stability (Bose et al., 2011) . Cozzi et al. (2014) synthesized and investigated propylsulfonic functionalized titania (TiO2-RSO3H) as inorganic fillers in a Nafion ® composite membrane. The composite membrane containing 10 wt.% of fillers displayed the highest conductivity value ( = 0.08 S cm -1 at 140 ºC) and the best DMFC performance, with 64 mW cm -2 power density (about 40% higher than the Nafion ® cast membrane). SPEEK/phosphonic acid-functionalized titania nanohybrid membranes were fabricated by an in situ method using titanium tetrachloride (TiCl4) as inorganic precursor and amino trimethylene phosphonic acid (ATMP) as modifier . The nanohybrid membranes demonstrated remarkably enhanced proton conduction (25%), a 23% decrement in methanol permeability, and also better thermal and mechanical stabilities. Gandhi et al. (2012) also showed that the addition of titanium dioxide had a very dramatic and positive effect on proton conductivity of pure polystyrene porous membranes. Aslan and Bozkurt (2014) synthesized proton conducting nanocomposite membranes via ternary mixtures comprising sulfated nanotitania (TS), sulfonated polysulfone (SPSU), and nitrilotri(methyl triphosphonic acid) (NMPA). These membranes displayed a maximum proton conductivity of 0.002 S cm -1 at 150 ºC. Amjadi et al. (2010) prepared Nafion ® -TiO2 nanocomposite membranes by sol-gel and casting methods. Their results revealed that sol-gel method was better than casting due to the formation of fine particles and good distribution of TiO2 particles. Water uptake (up to 3 wt.%) and thermal properties of these membranes were improved with increasing TiO2 content. PEMFC performance at 110 ºC was improved, in spite of a slight reduction in proton conductivity. To improve the interfacial compatibility between polymeric resin and inorganic materials and to enhance proton conductivity, Li et al. (2012) modified the Nafion ® by of amine-tailored titanate nanotubes. The composite membranes developed showed about 4-5 times higher proton conductivity in comparison with pristine Nafion ® and 3 times higher proton conductivity compared with that of composite membrane impregnated with unmodified titanate nanotubes. Wu et al. (2014) synthesized a series of amino acid functionalized titania submicrospheres (~200 nm) and incorporated them into SPEEK. All the as-prepared hybrid membranes exhibited improved methanol resistance compared with pristine SPEEK membrane. This could be rationalized by the size reduction of the ionic channels, which was unfavourable for methanol crossover. Moreover, the incorporation of this filler could introduce acid-base pairs as proton donors and acceptors into polymer, which helped to form continuous pathways for proton hopping, thus leading to increased proton conductivity.
Nanocomposite PEMs with perovskite-type oxides
Protonic conductors with perovskite structures have been considered attractive owing to their high chemical stability, excellent thermal and mechanical stability, relatively low cost, and high applicability in electrochemical devices for energy generation . Recently, nanocomposite membranes based on perovskite-type oxides for high temperature PEMFCs have been studied by Hooshyari et al. (2015) and Shabanikia et al. (2015) . Accordingly, polybenzimidazole-nanocomposite membranes based on BaZrO3 and SrCeO3 reportedly displayed higher water uptake and proton conductivity compared with virgin PBI membranes. This improvement was attributed to the hygroscopic nature of BaZrO3 and SrCeO3 nanoparticles. Also they investigated the effects of variations in the percentages of the nanoparticles and the solvent used (water, ethanol, and water/ethanol (1:1 v/v)) for the dispersion of nanoparticles within of Nafion ® /Fe2TiO5 nanocomposite membranes on the proton conductivity, water uptake, and also the thermal stability of the membranes (Hooshyari et al., 2014) . The results displayed that 2 wt.% of the nanoparticles vs. Nafion ® membrane in 10 mL water as solvent had the highest proton conductivity (226 ± 7 mS cm -1 ) compared with the other membranes at 25 ºC and 95% RH due to the existence of water as more polar solvent and large affinity of the Fe2TiO5 nanoparticles with water.
Nanocomposite PEMs with zeolite
Zeolites are a class of crystalline aluminosilicates, which form a framework of SiO2 and AlO4 tetrahedra and contain exchangeable cations on the extra-framework to maintain the electrical neutrality (Dyer, 1988) . Zeolites are highly hydrophilic solids and have a high water sorption capacity because of the charged anionic framework and the extraframework cations (Kornatowski, 2005; Ng and Mintova, 2008 ) in addition to their open structure, high pore volume, and vast surface area. Most zeolites reportedly used in the composite membranes for FCs are micrometer-sized particles with low proton conductivity (Libby et al., 2003; Tricoli and Nannetti, 2003) . Nanometer-sized inorganic additives have been proven to be crucial to the compatibility between the inorganic filler and Nafion ® , which has significant effects on the proton conductivity and methanol permeability of the composite membranes (Zimmerman et al., 1997) . Different types of zeolite nanocrystals (A, NaX, NaY, Beta, etc.) have been prepared successfully by template and template-free methods (Wang et al., 2002; Wang et al., 2003; Chen et al., 2005; Holmberg et al., 2005) . To minimize the loss of proton conductivity caused by the fillers while reducing the methanol permeability, acid functionalized (-SO3H) zeolites have been prepared (Jones et al., 1998) and used successfully as an inorganic filler in composite membranes (Holmberg et al., 2005) . The acid functionalized zeolites were selected for their favourable proton conductivity (~ 0.02 S cm -1 ), excellent acid stability, and hydrophilic nature.
Recently, Devrim and Albostan (2015) modified Nafion ® membranes with zeolit by solvent casting procedure; the modified membranes demonstrated increasing water uptake and proton conductivity owing to the water retention properties of the zeolite and interaction between the Nafion ® polymer and zeolite particles. In another study, Auimviriyavat et al. (2011) reported ferrierite zeolite as inorganic filler in SPEEK membrane. In general, ferrierite zeolite in known to possess favourable acid and thermal stabilities because of its relatively high SiO2/Al2O3 molar ratio (Gögebakan et al., 2007) . Auimviriyavat et al. (2011) claimed that ferrierite zeolite improved the mechanical strength and water retention of the membrane. These membranes demonstrated better proton conductivity, low methanol permeability, and the highest selectivity of 7.148 ×10 -3 S. cm s -1
. Nafion ® /acid functionalized zeolite beta (NAFB) nanocomposite membranes were also prepared via in situ hydrothermal crystallization by Chen et al. (2006) , with showed a slightly lower proton conductivity but a markedly lower methanol permeability (40% less) in comparison with Nafion ® membranes (Fig. 7) . These membranes were also shown to offer higher OCV (by 3%) and higher maximum power density (by 21%) than Nafion ® . 
Nanocomposite PEMs with iron oxide
Iron oxide nanoparticles have received a great deal of attention owing to their easy and controlled synthesis, low toxicity, magnetic and catalytic properties, and as a result, their potential applications in different fields such as magnetic resonance imaging (MRI) (Sun et al., 2008) , drug targeting (Chomoucka et al., 2010) , catalysts (Maleki et al., 2014; Safari and Javadian, 2014) , and hyperthermia treatments (Laurent et al., 2011) . The fabrication of anisotropic membranes orientated in the desired direction in a matrix is an attractive idea to enhance ionic conductivity. Two methods to design anisotropic nanocomposite membranes are to align nanofillers in the matrix under electric field (Oren et al., 2004) or magnetic field (Brijmohan and Shaw, 2007) . In a study, SGO⁄Fe3O4 nanosheets were aligned under magnetic field in PVP matrix by . With the orientation of the SGO/Fe3O4 nanosheets, the water transferring channels in the membrane became wide and the empty spaces accommodating water molecules in the membranes increased, hence, water uptake and swelling of membranes increased. Moreover, these membranes showed higher thermal stability, methanol permeability, and selectivity with a maximum power density of 25.57 mW cm −1 at 30 °C compared with a nonaligned membrane . Hasani-Sadrabadi et al. (2014a) aligned CTS-coated superparamagnetic iron oxide nanoparticles (CTS-SPIONs) in Nafion ® matrix. Figure 8 presents a cross section of a high resolution transmission electron microscopy (HR-TEM) image of the aligned nanocomposite which clearly confirms a chain-like assembly of the CTSSPIONs because of the magnetic field (Hasani-Sadrabadi et al., 2014a). The modified membranes displayed a power output over five times higher than that of the unmodified Nafion ® at 120 ºC and 40% RH. In an investigation, the surface of γ-Fe2O3 nanoparticles was modified by MPTMS as sulfonic acid functional group precursor and subsequently, a magnetic field was applied during solvent casting and evaporation to align the nanoparticles in Nafion matrix (Hasanabadi et al., 2013) . The aligned nanocomposite membranes showed higher ionic conduction, drastic reduction in methanol permeability and activation energy for proton migration, and also significant higher selectivity as compared with randomly-distributed nanocomposite membranes. .nH2O (where BDC-NH2 is 2-aminoterephthalate) via the Hinsberg reaction, wherein a sulfonyl chloride reacts with an amine to form a sulfonamide salt (see Fig. 9 ). They claimed that the proton conductivity of the membranes was as high as 0.10 S cm -1 at room temperature and 0.25 S cm -1 at 90 ºC. Recently, a novel ternary composite membrane consisting of PVA, poly(2-acrylamido-2-methylpropane sulfonic acid) (PAMPS), and zeolitic imidazolate framework-8 (ZIF-8), was prepared by physical blending and casting methods (Erkartal et al., 2016) . This study showed that ZIF-8 nanoparticles (40-60 nm) not only assisted with the water management because of their hydrophobic nature, but also contributed to the proton conductivity by forming hydrogen bonds with the polymer network. These membranes displayed 0.134 S cm -1 proton conductivity under fully hydrated state at 80 ºC.
Nanocomposite PEMs with MOFs
In another study, novel Nafion ® -based composite membranes (PEM-1 and PEM-2) using two 1-D channel microporous MOFs as fillers; i.e., CPO-27(Mg) and MIL-53(Al) were investigated for PEMFC applications (Tsai et al., 2014) . The results obtained showed improved water uptake and proton conductivity by 1.7 times and 2.1 times in magnitude, respectively, as compared with the recast Nafion ® membrane. CPO-27(Mg)-Nafion composite membrane exhibited maximum power density values of 818 mW cm -2 and 591 mW cm -2 , at 50 ºC and 80 ºC, respectively. Enhanced proton conductivity by sulfonated MIL101(Cr) into SPEEK matrix was also reported by Li et al. (2014) . In general, MOFs, with low cost and various properties, can act as electrolytes, electrode catalysts, and catalyst precursors by adjusting the structures to obtain the optimized materials for FCs ).
Nanocomposite PEMs with layered silicate materials
Clay (layered silicates), including montmorillonite and laponite, are one class of the most widely used inorganic fillers for the preparation of polymerclay nanocomposite membranes for PEMFCs owing to high aspect ratio and excellent barrier properties (Mishra et al., 2012) . The thickness of the layer is generally around 1 nm, and the lateral dimensions of these layers vary from 30 nm to several µm or larger depending on the particular layered silicate (Laberty-Robert et al., 2011). In order to improve the compatibility between the inorganic clay and the organic polymer, the surfaces of the nanoclays are modified via ionic (using alkyl ammonium ions), covalent (using alkoxy silanes), or plasma (using modifiers containing vinyl groups) modification techniques (Yen et al., 2006; Zhang, 2007; Buquet et al., 2010) . The monovalent ions located between the clay layers are used for the modification allowing the absorption of polar solvents such as water (Kim et al., 2015a) . Recently, organo-functionalization of CNT was grafted on smectite clays (SWy) by catalytic chemical vapour deposition (CCVD) method (Simari et al., 2016) (Fig. 10) , and their composite membranes with Nafion ® matrix exhibited 7 × 10 -2 S cm -1 proton conductivity at 120 °C and 30% RH. Bentonite clay was also modified by grafting the organo sulfonic acid groups on the surface through silane condensation, and was subsequently dispersed in SPEEK to form a composite electrolyte for its use in DMFCs (Sasikala et al., 2014) . The composite membranes showed 140 mW cm -2 power density in comparison with 71 mW cm −2 for pristine SPEEK membrane at 70 o C as well as high proton conduction and methanol restricting behaviour. Jana et al. (2015) prepared Poly(vinylidene fluoride) nanohybrid with organically modified 2-D layered silicate. Nanohybrids were functionalized by sulfonation using chlorosulfonic acid under controlled condition to fabricate FC membranes. Power density of the sulfonated nanohybrid membrane exhibited significantly higher value of 33 mW cm -2 , against the value of 11 mW cm -2 measured for standard Nafion ® at similar current density. He et al. (2015) investigated the effects of three types of clays; i.e., sodium montmorillonite (IC), hydrophobic organo-clay with long alkyl chains (OC), and organo-clay with carboxylic acid end groups (HC), on the structure and properties of SPEEK/clay nanocomposites. They found that the SPEEK/HC hybrid membranes achieved the best clay dispersion, higher proton conductivity (due to the interaction between the carboxylic acid groups in HC and sulfonic acid groups in SPEEK) and selectivity at low filler loading (<10 wt.%).
In a study, a Nafion ® nanocomposite membrane, with 2 wt.% CTSfunctionalized montmorillonite was prepared via a solvent casting method and indicated surprisingly 23-times higher membrane selectivity (HasaniSadrabadi et al., 2010). 
Nanocomposite PEMs with other miscellaneous fillers
Cellulose whiskers (CWs), has also been used as a filler to alter the transport properties of Nafion ® . These 1D nanoparticles with their unique properties such as high aspect ratio, excellent dispersibility in aqueous solvents owing to high surface charges, as well as high capacity to absorb and retain water, can improve proton conductivity, power density, and reduce methanol crossover in Nafion ® -CW nanocomposite membranes. These improvements are ascribed to the formation of long-range oriented conduction pathways in the vicinity of 1D cellulosic nanostructures as shown schematically in Figure 11 ( (Hasani-Sadrabadi et al., 2014b) . Their results showed a significant increase in the Young's modulus (up to 80%) and in the yield stress (up to 124%) not only under ambient conditions but also at 80 ºC and 80% RH in comparison with the neat polymer. S40(sulfonated poly(styrene-block-(ethylene-ran-butylene)-block-styrene) with 40% degree of sulfonation)-ZrP composite membranes were prepared via precursor infiltration method by Liu et al. (2015) . The composite membrane containing 3 wt.% of ZrP indicated a remarkable 16 fold increment in selectivity as compared with the parent S40 membrane. Moreover, these membranes also demonstrated a power density of 66 mW cm -2 and a maximum current density of 450 mA cm -2 without cathode flooding (Liu et al., 2015).
Conclusions
As stated, the Nafion ® membrane due to its disadvantages is the main obstacle to further improvements of FCs. Hybrid organic-inorganic membranes consisting of a polymeric material combined with an inorganic filler, could be of significant help to overcome these shortcomings. The inorganic fillers mainly used include hygroscopic oxides, ZrP, silane-based fillers, GO, MOFs, clays, CNTs, zeolites, and PTA. In fact, these membranes combine the intrinsic physical and chemical properties of both the inorganic and organic segments. In hybrid membranes, the inorganic segment provides high mechanical and thermal stability, while also suppress fuel crossover. On the other hand, the organic segment provides flexibility. The properties of polymer composites depend on the type of nanoparticles incorporated, their size and shape, their concentration, and their interactions with the polymer matrix.
